Abstract Machining deformation of aircraft monolithic component is simulated by finite element method (FEM) and validated by experiment. The initial residual stress in pre-stretched plate is generated by simulating quenching and stretching processes. With a single tool-tooth milling process FEM, the machining loads in monolithic component material removing is obtained. Restart-calculation is put forward to complete the whole simulation of machining process. To verify the FEM result, an experiment is carried out. The deformation distribution of the monolithic component resulting from FEM shows a good agreement with the experiment result, which indicates that the key technologies presented in the paper are practicable and can be used to simulate the milling process of monolithic component to predict its deformation. Lengthy and expensive trial and error experiment process can be avoided.
Aircraft parts which were previously made as assemblies of thin-walled components can now be made as functionally equivalent, monolithic component. However, when oversize aircraft monolithic component is machined, most of material is removed which causes its poor rigidity and deformation. The main cause of deformation is that when large amount of material is removed, the residual stress equilibration in the blank is broken. To re-equilibrate it, the residual stresses are redistributed, and the distortion of monolithic component is generated at the same time. Although the pre-stretched plate is used to substitute the forged blank to decrease deformation, different technics, different machining parameters and different machining tools can cause different deformations. For example, with application of high speed milling to a pocketed aircraft component which is 660 mm long, the deformation magnitude is very small, but it increases greatly to 5mm when the common machining speed is used. It is obvious that different technology will induce different deformation. In some cases, some complicated straightening technologies have to be adopted and the improper correcting technics inevitably result in poor quality and eventually discard the distorted component, which results in high scrap rates and increases the manufacturing costs. To decrease aircraft monolithic com-ponent deformation, the optimal machining process and parameters must be selected, besides the pre-stretching to reduce the residual stress in the blank. At present study on deformation of monolithic component is mainly about surface dimensional error caused by machining load and clamping force [1] [2] [3] [4] . This kind of error belongs to local elastic deformation. Control of local elastic deformation can improve the machining precision of local feature, such as marginal plate and web plate. However, the main factors that causes monolithic component deformation is redistribution of residual stress during material removal and low rigidity of workpiece. Therefore, even the surface dimensional error meets the design criterion, the component will be discarded inevitably if large deformation happens after being finished. In workshop, measures that control monolithic deformation include technological process, machining parameters and clamping scheme. All these are obtained from experiences, and these experiences will lose action once the machining object is different. Some researchers use FEM to study the distortion caused by residual stress. In their model, material is removed layer by layer or the feed rate of per tooth is much larger than the real machined layer [5] [6] [7] , and even the machining loads are ignored [8] . In this paper, on the basis of machining process simulation of a single tool-tooth to obtain machining loads, the material removal process of an aircraft component-front beam (spar) of wing is simulated; a restart-calculation is put forward in FEM and the finite element meshes that approximate the machining parameters are used to mesh the machining zone of blank finely; the machining loads act on this model at the same time. Using this method, the deformation and residual stress distribution are achieved. Experiment is carried out to verify the simulation result, and good agreement is achieved. This model can be used in selecting the optimal machining technics, and to avoid the shortcomings of trial-error method. Moreover, it is possible to control the deformation of monolithic component, decrease the machining cost, and improve the machining efficiency.
FEM for Aircraft Monolithic Component
Machining Process
Pretreatment of blank
The workpiece material is aluminum alloy (Al) 7075, and its mechanical and physical properties are given in Table1. The blank is 12 mm thick. The quenching and pre-stretching processes of the blank are simulated using FEM as giving in Refs [9, 10] . Fig.1 shows the residual stress distribution in the blank, and Fig.2 shows the designed shape of the workpiece. 
Determination of machining loads
(1) Determination of equivalent and undeformed chip geometry
Oblique machining process simulation of a single tool-tooth is carried out to estimate the machining loads (including cutting forces and temperatures) which are fed into the FEM for monolithic component machining to predict the dynamic behavior of the part during material removal. DE-FORM 3D is used to simulate the milling of a single tool-tooth. The software package uses mathematical theories and non-linear numerical algorithms to model plastic flow, heat conduction, thermomechanical coupling, dynamic behavior and friction. In actual milling operation, the tip of the cutting edge travels on a trochoidal path due to the feed rate and spindle rotation. However, this path can be assumed to be circular for small values of feed per tooth. Thus, in conditions of given spindle speed and feed per tooth, only rotational of the tool is considered in the process models [11] . Furthermore, the circle can be substituted by a string of straight lines approximately (see Fig.3 
(a)-(c)). If line
is substituted by a straight line, a polygon which is analogous to a triangle is obtained (see Fig.3(d) ). Based on the above simplification, Fig.4 shows the oblique milling model of a single tool-tooth. The machining conditions are shown in Table 2. (2) Interfacial friction and thermal conductivity Initial temperatures of tool and workpiece are 20 and heat transfer coefficient is 11W/ mm 2 · . During milling process, the rake face of tool contacts with the chip bottom, and there are slip zone and stick zone on the rake face of tool. In the paper, to model the effect of friction along the tool-chip interface, the friction law at the tool-workpiece interface is [12] 3 σ m τ =
( 1) where m is the friction coefficient between the tool and chip interface ( 0.2 = m [12] ) and σ is the yield stress of the material.
(3) Material model The workpiece material is Al 7075 and tool material is high-speed steel. Both mechanical and thermal properties are assigned to the workpiece whereas the tool is defined as rigid for it is harder than workpiece and only thermal properties are assigned to it. Although engineering materials have been studied exhaustively to characterize their stress-strain behaviors, most of these studies were carried out at room temperature and only to low levels of strain (approximately 0.3), compared to high temperatures and strain levels witnessed in machining. For modeling convenience and availability of data, the following overstress model is used for Al 7075 [13] 
where p ε is the effective plastic strain rate, σ is the yield stress at a non zero strain rate, 0 σ is the static yield stress, and D and n are material parameters ( 75 . 1 , 10 5 627 . 1 5 = × = n D [13] ).
The predicted cutting loads and chip shape from the simulations are shown in Fig.5 and Fig.6 , respectively. To verify the FEM of milling process, a milling experiment is done and the milling force is measured using dynamometer Kistler 9 257 A. Table  2 shows the experiment conditions. The maximal errors of cutting force peak values in three directions are 9 , 3.5 and 11 , respectively. The factors that cause the existence of error are: (1) There are differences between the properties of the model material used in the FEM and the actual material properties in machining; (2) The tool is assumed as a rigid body and perfect sharp, but it has a hone radius edge in experiment and is an elastic-plastic body; (3) The undeformed chip shape of the FEM is an equivalent layer. Considering the above assumptions and simplifications, the result of FEM is acceptable.
Application of cutting loads
The above machining simulation is just a single tool-tooth machining process simulation of monolithic component, and machining loads obtained from DEFORM 3D (see Fig.5 ) are imported into the finite element model repeatedly for prediction of the dynamic behaviors of the component during machining. The following describes the process in detail.
Because the existence of helix angle, the contacting track of the cutting edge with the machined face is an arc. The cutting loads are applied along the curvature produced by the cutting motion of the tool-tooth. The undeformed chip thickness is variable throughout a cut starting with its maximum value and regressively going down to 0 at the end of the sector. But an equivalent chip element of uni- form thickness can be represented using the value of chip area [11] , so surface cbef is substituted by plane
, and plane cdf is substituted by plane
. On the basis of the above assumption, cutting loads acting on arc i l (i=1-5) can act on line 1 i l and 2 i l (see Fig.7(a)  and (b) ).
Because the acting spot of cutting load is local and the affected region is very small, based on theory of SWINAN, it is equivalent that the loads on arc i l are applied on arc 1 i l and 2 i l . After the workpiece is meshed using hexahedron, the loads acting on line are approximated by the equivalent concentrated loads and act as point loads on nodes (see Fig.7(c) ). Theory of SWINAN is adopted, also. Fig.7 shows the operation in detail. What is mentioned above just describes the material removal of monolithic component by a single tooth, and the machining of a monolithic component can be simulated by repeating the process.
Restart-calculation
The amount of mesh will be very huge if the blank of monolithic component is meshed on the criterion of machining parameters. To improve the calculation efficiency and economize the computer resource, the restart-calculation is put forward and is used when meshing the blank using hexahedron. Fig.8 shows the flow chart of restart calculation. Software package ABAQUS is used as finite element solver. First, the CAD model of the blank is meshed finely around the machining zone, that is the first pocket, and the other parts of the blank are meshed coarsely. Material (or element) is removed along tool path, and machining loads act on nodes at the same time, as illustrated in Fig.7 . After the first pocket is finished, the predicted deformed component profile is used to identify the real material volume removed during machining instead of the "ideal" one in the next step, and the deformed CAD model of the workpiece is reconstructed. As the first step, the reconstructed CAD model is re-meshed finely in the location of the second pocket, and the other parts are meshed coarsely. Distributions of stresses and temperatures are mapped to the new FEM, and machining loads act applied and material is removed continuously. The above process is repeated until all of the six pockets of the monolithic component are machined. Fig. 9 shows the mesh distribution of the workpiece before machining the 5 th pocket.
Restart-calculation includes the following key technologies:
(1) Reconstruction and re-meshing of three-dimensional geometry dynamically.
During machining process of the monolithic component, the three-dimensional geometry solid must be reconstructed and re-meshed before cutting every pocket. The machining pocket is meshed finely on the criterion of machining parameter and the other parts are meshed coarsely.
(2) Mapping of physical quantities, such as stress and temperature, from the previous FEM to the reconstructed FEM. To keep the continuity of machining, the physical quantity of the previous state, such as stress and temperature, must be mapped to the reconstructed model before machining a pocket (the quenched stress is mapped to the FEM before cutting the first pocket). This is a process of interpolation.
(3) Applying of boundary conditions and machining loads dynamically.
The freedom degrees of nodes on the bottom of the component are constrained in the whole operation process, as vacuum absorption. The predicted cutting forces and temperatures got from the single-tooth machining process are fed into the FEM of monolithic component machining and are applied to nodes dynamically as material removal.
2 Analysis of Simulation Results of Front Beam Fig.10 shows the distribution of residual stresses. After machining operation, the distribution of residual stresses of the component is mainly around the corner, and this is the region where the deformation happens heavily. The deformation of the finished front beam is shown in Fig.11 . Comparing the designed shape and the simulation results of the component, the angle θ adjacent to the middle of the component is enlarged by 0.03 , from 170.53 to 170.56 , and the component is crooked around the corner which is the region of stress concentration. The right end of the component is warped, about 0.50 mm. To obtain even distribution of residual stresses, and to control distortion of monolithic component, it's important to optimize the tool path, machining sequences of pockets and machining parameters. Using the same machining parameters as FEM, the monolithic component is machined from experiment (see Fig.12 ). The angle θ is enlarged by 0.04 from 170.53 to 170.57 . The right end is tilted, and the amplitude is 0.45 mm. The deformed components from FEM and experiment are displayed and compared (see Fig.11 and Fig.12 ). Based on the above comparison it is shown that the deformation of the monolithic component from FEM agrees well with the experiment result. The differences between FEM and the experiment mainly come from the initial residual stress in the blank, the simplification of undeformed chip and acting mode of cutting loads.
Conclusions
In the simulation of aircraft monolithic component machining, how the cutting load is produced and its acting mode, and the idea of restart-calculation are stated in detail in the paper. As an example, a front beam machining process is simulated and the experiment is done. The distribution of residual stresses is analyzed. Through comparison of deformation results from FEM and experiment, it is shown that the FEM results agree with those of experiment approximately. This method can be used to select optimal tool-path and machining sequences of pockets, and a lengthy and expensive trial and error validation process which is used to compensate machining error can be replaced.
There are several assumptions in the simulation of monolithic component cutting process, such as shape of undeformed chip, acting of cutting loads got from simulation of cutting process of a single tooth. The effects of these assumptions on the machining results are to be studied in the future.
